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Fluid Rheolegical Effects in Sliding 
Elastohydrodynamio Point Contacts With 
Transient Loading: 1—Film Thickness 
This paper describes an experimental investigation of the elastohydrodynamic prob-
lem. The investigation was limited to a study of nominal point contacts in pure 
sliding motion. The profile of the lubricant film separating the bearing surfaces was 
determined during a transient of the normal load. During this transient the Hertzian 
contact stresses were increased from zero to a maximum of 150,000 lbf/in2 in approxi-
mately 45 milli-secs. The sliding velocities used in this study were varied from 13.7 to 
92.1 ips. The resulting mean shear rate, however, was typically lC reciprocal seconds. 
Both pure and polymer-blended naphthenic and paraffinic oils, in addition to several 
synthetic fluids, were studied. On the basis of the film thickness profiles obtained for the 
polymer-blended oils, it was concluded that the ambient value of viscosity often used in 
theoretical considerations does not characterize the behavior of the system. It was also 
found that the rapid application of the normal load had a negligible effect on the film 
thickness profile. During this investigation the contact traction was also measured. 
The results of those measurements are reported in the companion paper, "Fluid Rheo-
logical Effects in Sliding Elastohydrodynamic Point Contacts With Transient Loading: 
II—Traction." 
Introduction 
I HIS paper discusses research recently conducted in 
the elastohydrodynamic lubrication of point contacts in pure 
sliding. Unlike previous studies [1, 2, 3]1 concerned with film 
1 Numbers in brackets designate References at end of paper. 
Contributed by the Lubrication Division of T H E AMERICAN SO-
CIETY OF MECHANICAL ENGINEERS and presented at the ASME-
ASLE Lubrication Conference, Cincinnati, Ohio, October 12-15, 
1970. Manuscript received at ASME Headquarters, July 16, 1970. 
Paper No. 70-Lub-21. 
thickness measurements in sliding point contacts, the measure-
ments in this research were obtained throughout a step loading 
transient. In addition, measurements of the tractive force were 
simultaneously obtained [4, 5]. 
The interest in both film thickness and traction data for E H D 
point contacts is due to the difficulty encountered in effectively 
lubricating mechanical elements such as ball bearings, spiral 
gears, certain cam followers, and in the selection of operating 
fluids for traction power transmissions. 
The center line film thickness hc has received the most attention 
in previous studies. This variable is particularly useful in cor-
relating experimental data. I t is also the value predicted by 
available analytical studies From the stand point of wear 






exponents in film thickness 
formulas 
reduced elastic modulus 
exponent in film thickness 
formula 
dimensionless materials pa-
rameter — a.E' 
E H D film thickness 







= minimum E H D film thick-
ness 
= centerline film thickness 
parameter = hc/R 
= minimum film thickness pa-
rameter = hm/R 
= intensity of ray A in the 
interferometer 
= intensity of ray B in the 
interferometer 
k = refractive index 
K = a constant 
n = interference fringe order 
P = pressure 
B = radius of the sphere 
S = apparent E H D viscosity 
loss 
Sv = apparent viscometer vis-
cosity loss 
{Continued on next page) 
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protection, however, the minimum film thickness h„ 
significant and, therefore, has also been determined. 
is most Table 1 Experimental fluids 
Experimental Variables 
During this investigation an at tempt was made to study the 
behavior of an E H D contact under conditions more realistic than 
those previously employed. Film thickness and traction data 
were obtained during and after a step loading transient. In 
addition, the loading rate, (he sliding velocity, and the lubricant 
rheology were varied. 
Since E H D film thicknesses have been shown to be only slightly 
dependent on the maximum normal load Wm [1, 6, 7], all but a 
few experiments used a steady-state load of 15 lbf, which cor-
responds to a maximum Hertzian contact stress of approximately 
150,000 psi. During the loading transient, the instantaneous 
load W reached 95 percent of Wm in 0.040-0.050 sec. This is 
the fastest loading rate available with the existing experimental 
equipment. 
Sliding velocities of 13.7, 27.4, 54.9, and 92.1 ips were used with 
each lubricant. The minimum value is the velocity at which the 
lowest viscosity fluid can maintain a continuous protective film. 
The maximum value is the velocity at which it became difficult to 
maintain sufficient lubricant in the contact inlet to sustain a 
continuous film for the most viscous lubricant. 
The lubricants selected for examination were chosen on the 
basis of providing a range of values for the ambient viscosity /U0 
the pressure-viscosity exponent a, and a variation in lubricant 
chemistries. A group of fluids having this diversity in property 
values has been examined by Novak and Winer [8, 9, 10]. 
Their investigations provide viscosity data for selected lubricants 
as a function of pressure, temperature, and shear rate. Viscosi-
ties were measured at pressures up to 80,000 psi and at shear rates 
up to 104 s e c - 1 at the higher pressures examined. If was esti-
mated that the typical E H D contact of this study had a mean 
hydrodynamic pressure of 100,000 psi and a shear rate in the 
lubricant film of 106 s e c - 1 to 107 sec - 1 . Novak and Winer's 
data were taken at conditions more nearly representative of those 
in the E H D contact than any other available. The thirteen 
fluids selected for this study are listed in Table 1. Detailed 
descriptions of the base fluids and additives are given in Appendix 
A. 
Experimental Technique and Equipment 
An optical interference technique was used to determine the 
film thickness a t selected points in the E H D contact. The inter-
ferometer is similar to that used by Cameron and his co-workers 
[1, 2 ,11,12, 13]. Fig. 1 shows the basic components of the inter-
ferometer: a synthetic sapphire, a 100 A thick layer of Inconel, 
the selected lubricant, and the chromium steel ball. The E H D 
contact is formed by rotating the sphere about an axis parallel to 
the surface of the sapphire while normally loaded against it. 
Synthetic sapphire was selected for the flat disk primarily be-














Naphthenic base o i l (R-620-15) 
Nl + 4% polyalkylmethacrylate (PL-4521) 
Nl + 4% polyalkylmethacrylate (PL-4523) 
Paraffinic base o i l (R-620-12) 
PI + 4% polyalkylmethacrylate (PL-4521) 
PI + 8% polyalkylmethacrylate (PL-4521) 
PI + 182 polybutene (LF-5196) 
PI + 4.4% polybutene (LF-5346) 
PI + 4% polyalkylmethacrylate (PL-4523) 





Fig. 1 Optical system used for film thickness measurement 
1.0 in. dia, 0.125 in thick, and is flat to within an eighth of a 
wave length. There are two undesirable characteristics of syn-
thetic sapphire, however, which had to be improved before good 
quality interference patterns could be obtained. 
The interference of the two reflected rays A and B in Fig. 1 
are almost totally responsible for the observed interference 
pattern. Because the refractive index of sapphire is close to that 
of the lubricant, there is insufficient reflection a t the sapphire-
lubricant interface. In order to make the intensity IA more 
-Nomenclature-
t = time 
T = temperature 
U = sliding velocity 
U* = dimensionless velocity pa-
rameter = fiU/E'R 
W = normal load 
W* = point contact load param-
eter = WE'R* 
W* = line contact load parameter 
= W/E'R 
Wm = maximum (steady-state) 
normal load 
a = pressure-viscosity exponent 
(tangent) 
a. = pressure-viscosity exponent 
(secant) 
y = shear rate 
A<f> = net phase shift of inter-
fering rays 
X = peak intensity of incident 
light 
/j, = lubricant viscosity 
Li, = effective E H D viscosity 
/Jo = low shear, low pressure vis-
cosity 
p = lubricant density 
0S = side leakage film thickness 
reduction factor 
cj)T = thermal film thickness re-
duction factor 
Journal of Lubrication Technology APRIL 1 971 / 263 
Downloaded From: https://tribology.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
nearly equal to lB, a 100 A thick layer of Inconel was vacuum 
deposited on the lower sapphire surface. The Inconel coating 
was the only type of several tried which would adhere to the 
sapphire surface at the high shear stresses present in the E H D 
contact. The addition of the Inconel coating results in an inter-
ference fringe pattern of good contrast. 
The other detrimental property of sapphire for use in inter-
ferometry is its optical birefringence. This property causes the 
dark interference fringes to be very broad along one axis and 
nearly absent along a perpendicular axis in a pattern which 
would normally be axially symmetric. By placing a second iden-
tical sapphire disk on top of the original disk and properly align-
ing the optic axes of the two crystals, the birefringence effects due 
to one disk are cancelled out by the second [14]. 
The spherical bearing surface is a chromium steel ball of 1.25 
in. dia, having a surface finish of approximately 1 microin. rms. 
The sphere is rotated through a flexible coupling cemented to its 
surface. I t is supported and loaded against the sapphire by a 
bearing block containing three small radial ball bearings (see 
Fig. 2). In order to maintain a nearly constant sliding velocity 
while the normal load on the sphere and, therefore, the torque on 
the drive mechanism, were rapidly changing, a significant amount 
of inertia was incorporated into the drive mechanism. In addi-
tion, a hysteresis synchronous motor was used to rotate the 
sphere. This required that gears be used to change rotational 
speeds. 
Basic theory of interferometry [15] predicts that bright inter-
ference fringes will appear in the interferometer described above 
whenever 
A0 
2fc \ n + 2TT 
and dark fringes whenever 
n = 0, 1, 2, 
1 X ( + A</> h = 2̂  [n + 27 0, 1, 2, . . . 
(1) 
(2) 
The term A<£ represents the net phase shift due to reflections be-
tween rays A and B in Fig. 1. Theoretically this term should be 
equal to IT for the system shown if the Inconel film were not 
present. Because of the uncertainty in the influence of the 
Inconel film on the magnitude of the phase shift due to reflection 
and because the reflecting surfaces are not perfectly smooth, the 
value of A<f> was determined by static calibration. A sphere of 
known geometry was placed in contact with the disk in the pres-
ence of a lubricant. Depending on the magnitude of the load 
Mkroicops 
Objective 
applied to the two elements, the resulting fringe pattern could be 
made to represent the theoretical shape of the surfaces if A<j> 
were chosen between 37r/2 and o7r/4. The value 07r/4 corre-
sponds to a lightly loaded contact and 3TT/2 to a contact having a 
mean Hertzian stress of 100,000 psi. Since the purpose of hydro-
dynamic lubrication is to prevent the contact of surface asperities 
during relative motion of the surfaces, zero film thickness was 
defined as the condition of initial contact of the opposing surface 
asperities. Using this definition, A</> is taken to be 57T/4. 
The value of X in equations (1) and (2) is simply the wavelength 
of the incident light in air. This light is not strictly mono-
chromatic since it was obtained using a tungsten source and a 
5340 A Schotf interference filter having a band width of 220 4 . 
The value 5340 A was used for X. 
The refractive index of the lubricant k is a function of the lub-
ricant and position in the E H D contact. The variation within 
the contact is a result of local density changes. The change in 
refractive index from ambient conditions is limited to about 10 
percent for the lubricants chosen and the pressures encountered. 
An estimate of the local refractive index was made, however, using 
a Hertzian pressure distribution, generalized pressure-density 
relations, and the Lorenz-Lorentz equation relating density and 
refractive index. Once the Hertzian pressure had been calculated 
at selected points in the contact, an estimate of the density was 
made using the generalized bulk modulus relations of Wright 
[16] for petroleum oils, the relations of Tichy and Winer [17] 
for silicones, or the ASME pressure-viscosity report [18] for 
fluids whose bulk modulus could not be generalized. Once the 
density had been estimated, the local refractive index was ob-
tained from the Lorenz-Lorentz relation 
fc2 - 1 1 
fc2 + 1 p 
= const (3) 
Fig. 2 Schematic diagram of the experimental equipment 
The error involved in using this expression is cited by Bridgman 
[19] to be less than 1 percent for a paraffinic oil at pressures as 
high as 200,000 psi. The constant is determined from ambient 
values of h and p. The assumption of a Hertzian pressure profile 
does not lead to significant errors in the high pressure areas of the 
contract where film thickness values are of primary interest. 
For example, a 50 percent error in a pressure estimate at a level 
of 100,000 psi results in less than a 4 percent error in the density 
estimate and only a 2 percent error in the resulting refractive 
index and film thickness. 
The resulting interference fringe patterns were observed and 
photographed through a Leitz metallurgical microscope. The 
vertical illuminator of the microscope was also used to direct the 
incident light onto the E H D contact. Photographs were taken 
during and after the loading transient with a 16 mm Bolex reflex 
motion picture camera. Negative-type black and white film was 
used to record all fringes, thus simplifying processing. Prints 
were made only for publication purposes. The camera was 
operated at 64 frames per second during the loading transient. 
As shown in Fig. 2, the normal load is applied pneumatically by 
rapidly pressurizing the bellows located below the sphere support 
to a predetermined level. The strain gage load cell located below 
the bellows provides a means of recording W(t). The signal 
from the load cell was momentarily interrupted once during each 
frame by a switch mounted on the motion picture camera. This 
allowed an instantaneous value of W to be assigned to a given 
fringe pattern. 
As yet it is not possible to determine the temperature distribu-
tion of the lubricant in the E H D contact. The temperature of 
the lubricant near the contact inlet was reliably determined, how-
ever. I t was obtained by placing a 0.001 in. dia thermocouple 
in the inlet region at a point 0.045 in. from the beginning of the 
Hertzian contact zone. This thermocouple consistently measured 
a temperature equal to that of the fluid in the lubricant reservoir 
or up to 1 deg F greater. The temperature rise was detected 
only after the experiment had been in progress several seconds. 
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Fig.4 Transient flIm thicknoss fringe patterns for fluid P4 at 27.4 in/soc
654
u"ed to define the angular position of the axes passing through
these points.
Based on only steady-state film thickness values, the following
observations were made. For a given fluid the film thickness
increases with iucreasing "Iiding velocity. Within a given cla"s
of fluids the film thickne"s also inclOases with increasing inlet
viscosity at con"tant velocity. This increa"e, however, is not
always as much as would be predicted from present theoretical
techniques [1, 6, 7, 18, 19]. Under conditions in which h, and
hm are small, the shape of the surfaces is nearly Hertzian. The
amount of deformation increase" as the speed parameter U* i"
increa"ed. The minimum film thicknes" h,n almost always oc-
curs in the side restrictions rather than in the exit. Except in
cases in which h, is very small (1-2 microin.), a local film thickness
maximum OCClll'S just before the exit restriction (see Fig. 3).
This maximum has been predicted by Cheng and Sternlicht [7].
In order to determine the time variation of h, and h"" a sequence
of fringe patterns corresponding to selected points in the loading
transient must be examined. Fig. 4 shows a set of six interfel ence
patterns for fluid P4 at 27.4 in./sec. The first three patterns in
Fig. 4 show the change in surface deformation and film thickness
as the normal load is being applied. The last three pattern"
correspond to a nearly steady load condition. In the fifth frame
(t = 0.114 sec) the sphere has not yet completed its first revohl-
tion, whereas in the last frame shown, it has completed six
revolutions. The slight increa"e in lubricant inlet temperature
expected after several revolutions causes a slight reduction in the
film thickness as shown in the last frame.
Since the values of h, and h", are of primary importance, only
these quantities were determined for each experiment and not
the entire film thickness profile. The time variation of h, and
h", for the fifty-one experiments pBlformed was plotted in the
manner shown in Fig. 5. The results shown in Fig. 5 are for
naphthenic fluid N3 at the minimum and maximum sliding
velocities. The first fringe wa" photographed at 0.008 seconds in
Fig.5(b).
The time dependence of h, and h", shown in Fig. .) is typical of
all experiments. In all cases, both the centerline and minimum
film thicknesses decrease dlll'ing load application and reach es-
sentially at steady value between 0.060 and 0.100 sers. The
slight lag between the beginning of steady state normal load TV
and the film thicknesses h, and h", shown in Fig. 5 is typical of the
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DlIl'ing the time period of load application (0.050 "ec), the inlet
temperatlll'e is a"snmed to remain constant and equal to that
measlll'ed at t = O. Thi" assumption appears reasonable since
the sphere has not completed one revolution dlll'ing this time
period and the lubricant enteling the contact is, therefore, essen-
tially at the con"tant temperatlll'e of the lubricant being supplied
to the contact inlet from the reservoir.
Fig. 3(0) Steady state flIm thickness fringe pallern for fluid S2 at 13.7
in/sec
Fig. 3(b) Steady state film thickness proflle for fluid S2 al 13.7
in/sec
Typical Results
Interference fringe pattel'lls were recorded during and after the
step-loading transient for over fifty Inbricant speed combinations.
For each of these combinations, five or six patterns corresponding
to points of interest in the loading transient were studied in de-
tail. Fig. 3 show" a typical fringe pattern and film thickness
profile for the steady load condition (0.050 < t < 1.00). Data
points plotted with the symbol 0 correspond to film thicknes"
values taken along a line parallel to the sliding velocity and
passing through the bearing centerline. Data points in the exit
region are terminated by the pre~ence of cavitation which makes
the value of Ie needed in equations (1) and (2) indeterminate.
Data point'> plotted with the symbol Li. in addition to the center-
line 0, represent the average of the film thickness values taken
along two axes roughly perpendicular to the sliding velocity.
Since the minimum film thickness is of primary importance, the
actual position of these axes is determined by the location of the
minimum film thickness.
We have found that h", almost always OCCLUS at two symmetri-
cally opposite points in the horseshoe restriction visible in most
fringe patterns (see Fig. 3). If h", is not in the side lobes of the
horseshoe region, it is found in the exit portion of this region. The
location of these points in the horseshoe restriction is usually at
90-105 deg from the center of the contact inlet. The angle 1f; is
Journal of Lubrication Technology APR ILl 971 / 265
Downloaded From: https://tribology.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use
™ ^ P 111— jum l̂ f^Q 
I • • • • ! 
0.1 
T — soc. 
_1 I I I I I I I 
.5 
iP 
Fig. 5 Time variation of W/Wm, hc and hm for fluid N3 at (a) 13.7 in/sec 
and (fa) 92.1 in/sec 
Discussion of Results 
Steady-State Measurements 
The theoretical analyses of Cheng [20] and the experimental 
data of Archard and Kirk [3] indicate the existence of a power 
law relation between the film thickness and the velocity, load, and 
material parameters for point contacts. In its most general 
form, this relation is given by 
H* = K-U*"-W*b-G* (4) 
The above relation also represents the film thickness formula 
proposed by Dowson and Higginson [6] for line contacts 
H* = 1.6 (?7*0-7)((?*°-«XW*-0-») (5) 
In order to make equation (5) applicable to sliding point con-
tacts, Cheng [20] has introduced a side leakage factor 4>s and a 
thermal film thickness reduction factor cj>T. For the lubricant 
viscosities used in this study, 4>T has a value between 0.9 and 1.0 
and for circular Hertzian contacts <f>s is 0.7. The resulting film 
thickness formula for an average value of <j>T = 0.95 is 
H: 1.06 (£/*»-?)(G*°-°)(H/*-°'i3) (6) 
Noting that in our work the steady state value of the normal 
load Wm is essentially constant, equation (6) may be simplified to 
H* = 3.54 ( ( ? * . J / * ) O . 7 . G * - O . I (7) 
In addition, the range oi values for G* is very limited. There-
fore, since 
2.25 < G*0-1 < 2.43 (8) 
the film thickness parameter may be expressed approximately 
in terms of the single parameter (U*-G*) 
H' 1.51 (U*-G*f--> (9) 
).5 
Fig. 6 
i i I i i i i I i i I I i i I 11 
1 5 10 o 50 100 2 0 0 
U*- G * «108 
Center line film thickness variation with U*.G* 
Archard and Kirk [3] found that the point contact data they 
obtained followed the relation 
where 
hc cc (noa^U'Rf 
d = 0.57 ± 0.02 
e = 0.55 ± 0.01 
/ = 0.62 ± 0.03 
(10) 
In the present study, R is constant and equation (10) can be re-
written in terms of dimensionless parameters and a single expo-
nent as 
H, (f/*'(?*)0 '56 (11) 
The theoretical point contact formula proposed by Cameron 
andGohar [1] 
H* = - 0 .189 W*1/z + [0.3591F*4/a 
+ l.Q92W*1/3-U*-G*]1/2 (12) 
is not a power law relation. However, if W* is constant, H* is 
once again only a function of the single parameter (G* •[ /*). 
The three film thickness relations described above in equations 
(9), (11), and (12) are shown in Fig. 6 with the experimental data. 
A constant of proportionality was chosen for equation (11) which 
would pass through the data of those fluids believed to be New-
tonian. 
Fig. 6 shows that there is little correlation among the data for 
various fluids and that the film thicknesses are generally less 
than equations (9) and (12) predict. 
The lack of data correlation is possibly a result of the values 
used for the independent variable (U*-G*) in Fig. 6. Ify def-
inition 
U*-G* = moU/R (13) 
The most likely sources of error are in the values used for a and 
juo. The pressure-viscosity exponent a is defined by 
/ d In A 
01 = U r ,Lo 




to predict viscosities at elevated pressures in the analyses leading 
to equations (9) and (12). Of the thirteen fluids tested, however, 
only the naphthenic lubricants can be characterized by equation 
(15) with a constant value of a [8, 9, 10]. In order to compen-
sate for this discrepancy a value of a was computed which at-
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tempted to account foi the vairation in a with piessuie 




The subsciipt 1 lefeis to atmosphenc piessuie and T = lOOdegF 
The subsciipt 2 lefeis to the highest piessuie foi which viscosity 
data is available at T = 100 deg F Wheieas a lepiesents the 
tangent to the log p, veisus P cuive at atmosphenc piessuie, 5 
lepiesents the secant of the same cuive between atmosphenc and 
an elevated piessuie The diffeience between a and a is less 
than 20 peicent in most cases Since a seems to be lestncted to 
a limited lange legaidless of the peitinent piessuie, it is doubtful 
that an enoi in the selection of a is lesponsible foi the lack of 
data con elation The value a was used in computing (U* <•?*) 
in the analysis which follows 
The value of fj. used m computing (U* (?*), howevei, is the 
viscosity measuied at a low sheai stiess and sheai late Since 
the sheai late is expected to be on the oidei of 10e s e e - ' in the 
contact inlet legion, this piocedure is not leahstic except foi 
Newtonian fluids The expenmental data and equation (11) 
have been plotted again as a function of (U* 0*) m Fig 7 In 
this case, howevei, a viscosity value was chosen foi each fluid in 
computing (U* G*) which would bung the data fiom all expen-
ments into the closest possible common agieement Those fluids 
which aie believed to be Newtonian on the basis of Novak and 
Wmei's data (Nl , P I , P4, S2, S4) weie vised as standaids and the 
viscosity value was not changed fiom that used in Fig 6 De-
fining the viscosity used in Fig 7 as the effective viscosity 
H„ an appaient viscosity loss S can be computed fiom 
S = 1 IJte/fMO (17) 
In oidei to deteimme whethei oi not a viscosity loss is actually 
lesponsible foi the pool data conelalion in Fig 6, the desiied 
values of S needed foi good conelation must be compaied with a 
viscosity loss obtained fiom an independent set of viscosity data 
Foi thisieason, asimilai appaient viscosity loss 
Fig. 7 Center line and minimum film thickness variation with U * . G * 





0 . 5 -
*E X 
\ 
\ • ^ - / • S a / 
\'J a 
I -J_ J L _L- _1_ J l_ 
Sv(y) = 1 - JU(7)/MO (18) 
' 5Hrxio*
 ,o M 
Fig. 8 Time variation of H m * / H c * for typical EHD experiments 
was deteimined fiom the capillaiy viscometei data of Novak and 
Winei [8, 9, 10] 
Since the sheai lates and piessuies expected in E H D contacts 
aie highei than those imposed in the viscometei, companson be-
tween the values S and Sv must be highly subjective The values 
of S and <S„ computed foi each fluid aie given m Table 2 The 
sheai late at which Sv was detei mined is also given A value of 
Sv was calculated fiom the viscometei data at the highest pos-
sible sheai late and at a piessuie of one atmospheie 
Refei ling to Table 2 and Pig 6, it is appaient that most of the 
fluids piedicted to be Newtonian (Sv r^ 0) by Novak and Winei 
yield film thicknesses which confoim to Aichaid and Knk ' s 
powei law (equation (11)) Notable exceptions aie the diestei 
SI, the dimethyl silicone S3, and the data foi fluids N l and P I 
at the lowest sliding velocity 
The authois have no explanation foi the significantly diffeient 
slope of the data foi SI shown m Fig 6 Fluid S3, howevei, 
would couelate well with the othei fluids if it weie non-New-
tonian at 7 = 1 0 ' s e c - 1 Although S3 appeals to be Newtonian 
at sheai lates up to 105 sec * on the basis of Novak and Wmei's 
data, the data of Lamb [21] yields a value of Sv — 0 85 when the 
silicone data is extiapolated fiom 7 = 10B s e c - 1 foi oscillatoiy 
sheai to 5 X 108 s e c - 1 This could explain the value S = 0 64 
computed foi this study and Sv cs; 0 foi capillaiy viscometei data. 
The lack of conelation with the low sliding velocity data of 
fluids N l and P I can be paitially explained by the resolution in 
film thickness Fiom the black and white film thickness fimge 
patterns, the authois could not consistently diffeientiate between 
film thickness diffeiences less than about 1 0 miciom Each data 
point could, theiefoie, be in enoi by this amount With this in 
mind, this data can be made to con elate with the lemaming data 
in Fig 7 
On the basis of the steady-state film thicknesses m Figs 6 and 
7, it appeals that a naphthemc fluid containing a 4 peicent con-
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Fig. 9(0) Fringe po"ern for fluid S2 for squeeze flIm experiment
Fig. 11











load 1V during the loading transient. The power law relation
for constant U* and G* used by Dowson and Higginson [6] for
line contacts and by Cheng [18, 19] for point contacts is also
shown in Fig. 10. The relation in equation (19) is based on an
analysis for time-steady loads only. The data points shown in
Fig. 10 represent a variety of fluids and sliding velocities. It is
apparent that the data i& in good agreement with eqnation (29)
for experiments resulting in large values of he' This is an in-
dication of a negligible effect on film thickness dlll'ing rapid load
application. The deviation from the power law relation evident
in thinner films appears to be random when all data is considered.
This deviation could be attributed to the one mlCl'Oin. resolu-
tion in film thickness measurement.
To further substantiate the claim that the effect of rapid load
application on he and h", is small, steady state and transient film
thicknesses corresponding to the same instantaneous load were
compared for S2, the fluid giving the most deformation in &queeze
film studies. Fig. 11 shows the time variation of TVlTV"" he' and
h", for W", ~ 26 lbf with a loading time of approximately 0.050
seconds. The valueb of he and h", plotted at t = 0.D066 sec and
t = 0.024 sec were obtained from the steady-state data of sep-
arate experiments in which TV", = 4.7 1bf and W", = 1::>.7 lbf,
thicknesses regardless of whether the average molecular weight is
560,000 or 1,650,000 and whether the inlet viscosity is 101 cp or
369 cpo Paraffinic fluids containing a 4 percent concentration
of polyalkylmethacrylate with a molecular weight of 560,000 and
1,650,000 and an 8 percent concentration with a molecular weight
of 560,000 all appear to have the same effective vibcosity on the
basis of film thicknesb correlation. The viscosity of the fluid is
apparently being reduced to a level typical of the polymer type
and not the concentration or molecular weight. The fluids con-
taining; polybutene additives, P4 and P5, do not exhibit the large
values of viscosity loss typical of the polyalkylmethacrylates.
The range of values of H",* is also shown in Fig. 7.
Since the minimum film thickness H",* is also of importance,
the ratio H", *IHe* is plotted in Fig. 8 for all available steady stale
data. The data which does not conform to the general trend
shown in Fig. 8 was obtained using fluids Sl and S3. The scatter
for He* < 3 X 10-6 is mostly due to the one microin. limit in film
thickness resolution. The fact that H",* IH: apprm1ches 1.0
as H: is reduced supporls the suggestion of Gohar and Cameron
[2] that the profile for thin films is nearly Hertzian. If surface
wear protection is of primary importance in debign, it is obvious
from Fig. 8 that the value of He* alone, obtained from theoretical
analyses or empirical relations, is inadequate.
Fig. 9(b) Film thickness profile for fluid S2 for squeeze film experiment
Transient Measurements
A set of experiments were performed in which the sphme was
loaded against the sapphire at the same rate as in the EHl) experi-
ments, but with zero sliding velocity. The rebulting squeeze
film is shown in Fig. 9. It was on the basis of the large amount
of surface deformation shown in Fig. 9 that a significant effect on
the film thickness was expected during the loading transient due
to the rapidly applied load. It can be shown, however, that the
eflect of the change in load on he is the same as would be expected
from a quasi-steady experiment in which the same load variation
was canied out over a longer period of time. Fig. 10 shows the
centerline film thickness plotted as a function of the instantaneous
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lespectively Both steady-state and tiausient values ot hc and 
hm aie in excellent agieement at an instantaneous load of 15 6 
lbf (t = 0 024 faec) The coiiespondmg values at a load of 4 6 
lbf appeal to be m agieement with a possible extiapolation of the 
ti ansient data 
Foi the lowest sliding velocity used (13 7 m/sec) any given 
point on the smface of the spheie is m the E H D contact less than 
10~3 sec This is loughly 1/50 of the load application time 
Neglecting the effects of stead}' load hydiodynamic piessme 
geiieiation, a given point on the smface of the spheie will expen-
ence appioximately 1/50 of the piessme use at tnbuted to the 
noimal appioach of the suifaces This i& appioximately 3000 
psi at the centei of the contact Because of its lowei modulus of 
elasticity, most of the squeeze film defoimation should be occui-
I mg in the sui face of the sphei e I athei than the sapphn e In pm e 
squeeze film expenments, the same fluid elements and aiea of the 
sphencal smface expenence the entue 100,000 psi mean piessme 
use Because of this basic diffeience in the two expenments, m 
letiospect, it does not seem suipusmg that the effect of a squeeze 
film m the E H D contact is not significant 
Conclusions 
This investigation encompassed a moie leahslic set of opeiatmg 
conditions than pievious E H D expenments m that a maximum 
Heitzian stiess of 150,000 psi was attained at the completion of a 
0 045 sec loading tiausient duimg which the film thickness mtei-
feience patterns, total noimal load, and the ti active foi ce weie all 
lecoided. Hydiocaibon fluids, pob/mei containing hydiocaibon 
solutions, and bulk polymei lubncants weie investigated The 
minimum as well as centei line film thicknesses weie lepoiled 
As a lesult of the tiausient film thickness measmements, one can 
conclude that duimg a lapid loading ti ansient with supei imposed 
sliding the film thickness can be piedicted fiom the steady state 
behavioi As otheis have obseived, the minimum film thickness 
occuis in the side lobes lathei than eithei the centei oi ti ailing 
edge of the contact zone 
By investigating these side lobes it was found that the mini-
mum film thickness can be significantly less than the centeiline 
film thickness which has leceived much attention fiom pievious 
mvestigatois In some cases the minimum was as little as 15 
pei cent of the centei line film thickness and did not attain the oft 
mentioned value of 75 peicent until the centei line film thickness 
leached 30 to 40 X 10~6 m Obviously the minimum film thick-
ness is of pnmaiy concern to machine designeis and the lesult 
tha t the minimum can be 'A iathei than 'A of the centeiline 
value should be of concern to them 
Finally, the effects of lubiicant theological behavioi on film 
thickness aie impoitaiit The lubncants investigated include 
matenals that exhibit non-Newtonian and viscoelaslic behavioi 
undei some flow conditions The lack of con elation of the 
measuied film thickness and the theoi}' utilizing low sheai vis-
cosity is of comse not new Howevei, the appaieut ability to 
con elate film thickness using high piessme, high sheai late vis-
cosity is new to this woik This suggests that with the fluids 
investigated, the non-Newtonian viscous behavioi may be govei n-
mg the fluid behavioi m EI ID applications 
When consideimg the effect of the polymei blends investigated, 
the PAIMA had the least effect on film thickness In fact, the 
PAAIA in naphtheme base oil had vu tually no effect on film thick-
ness compaied to the base oil alone In the paiaffinic base oil 
all polymeis tended to inciease the film thickness above that ob-
tained with the base oil, but only P4, the high peicentage (18 
peicent) low moleculai weight (2091) butene polymei, caused any 
appieciable mci ease in the film thickness This is m spite of the 
fact that P3, P4, P5, and P6 all had appioximately the same low 
sheai viscosity (N2 and P2 wei e lowei and N3 highei) 
I t is cleai that the low sheai viscosity will not adequately 
pi edict the E H D film thickness of polymei blends I t was also 
found that good data conelation was not obtained when the base 
oil viscosilj ot polvniei containing oils was used m computing 
(U* G*) Howevei, it is not cleai fiom these lesults whethei 
the inciease in E H D film thickness foi P4 ovei the othei solutions 
is l elated to diffeiences in moleculai weight oi polymei type 
Among the synthetic fluids (oi bulk polymeis) the diestei 
consistently gave the smallest film thickness at any speed and the 
steepest film thickness vs speed slope I ts significantly ditfeient 
slope cannot be explained with existing theones The behavioi 
of the dimethyl silicone seems to be consistent with its powei law, 
pseudo-plastic behavioi at the high sheai lates enoounteied in the 
conjunctive legion The fluoiosihcone and the butene polymei 
gave snmlai film thicknesses ovei the lange of speeds investi-
gated 
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A P P E N D I X A 
Descriptive Data on the Base Fluids and Additives 
A Petroleum Oils: R-620-12 and R-620-15 
Source: Sun Oil Company 
Supphei 's designation 
Type 
Symbol used in this study 
Viscosity at 100 °F (cs/SUS) 
Viscosity at 210 °F (cs/SUS) 
Viscosity index (ASTM D-2270) 
Flash point (°F) 
Fiie point (°F) 
Pom point (°F) 
Refi active index 
Density at 68 °F (gm/cc) 
Moleculai weight2 
%C atoms m aiomatic lings' 
%C atoms m naphthenic ungs4 
%C atoms in paiaffinic lings4 
%C atoms in aiomatic ungs6 
%C atoms in naphthenic ungs5 
%C atoms in paiaffinic ungs5 
Aveiage numbei of aiomatic 
ungs pel molecule6 
Aveiage numbei of naphthenic 
ungs pel molecule6 
Aveiage numbei of total ungs 
pel molecule5 
B Polyalkylmethacrylate Additives: PL-4521 and PL-4523 




33 74/158 0 




















24 06/115 5 
3 728/38 55 
- 1 3 
315 
365 














Pel cent polyalkylme thaci ylate 
in solution 
Viscosity at 210 °F (cs) 
Viscosity aveiage moleculai 
weight 
Gel peimeation chiomatogiaph 











C Polybulene Fluids: LF-5193, LF-5196, and LF-5346 
Source: American Oil Company 
Manufacluiei 's designation 
Use in this study 
Polymei numbei aveiage 
moleculai weight 
Viscosity at 0 °F (cs) 
Viscosity at 100 °F (cs) 
Viscosity at 210 °F (cs) 
Viscosity at 275 °F (cs) 
Viscosity index 
(ASTM D-2270) 
Flash point, COC (°F) 
Unsatuiation by hydiogeiia-
tion (1%) 
Density at 77 °F (gm/cc) 
Diluent oil content (%) 
Diluent oil viscosity at 100 c 
(cs) 
D Diester-Plexol 201 bis-2-ethyl hexyl sebacate: PL-5159 
































Symbol used in this study 
Viscosity a t - 6 5 °F (cs) 





Vhcosity at 210 °F (cs) 
Viscosity index (AS1M D-974) 
Neutiahzation numbei (ASTM D-974) 




E Silicone Fluids: DC-200 and XF1-0294 
Source: Dow Corning Corporation 
Manufactmei 's designation 
Symbol used m this study 
Moleculai weight 
Viscosity at 100 °F (cs) 
Viscosity at 210 °F (cs) 
Flashpoint (°F) 
Fieeze point (°F) 















- 5 5 
1 23 
2 Calculated fiom viscosity data using the method of Hnschler, 
A E , Journal of the Institute of Peti oleum, Vol 32, 1946, pp 133-
161 
3 Obtained using the Viscosity-Gi avity Constant and the Refi ac-
tivity Inteicept using the method of Kuitz, S S , Ji , King, R W , 
Stout, W J , and Gilbert, D J , fiom a papei, "Relationship be-
tween Refi activity Inteicept," piesented befoie the Peti oleum Div , 
ACS, Sept 1955 
*Ibid 
E Calculated using the n-d-M method of stiuetuial gioup analysis 
of mineial oil fi actions of Van Nes and Van Westen, "Aspects of the 
Constitution of Mmeial Oils," Elseviei Publishing Co , Inc , 1951 
D I S C U S S I O N 
H. E. Sliney2 
This papei is of consideiable mteiest because it descubes E H D 
studies of sliding contacts lubucated with both Newtonian fluids 
and non-Newtonian fluids The pseudoplastic oi sheai-thinning 
behavioi of oils with polymei additives is cleaily demonstiated 
The veiy high contact stiess (150 000 psi maximum Heitz) and 
sheai lates (10c to 10' sec - 1) employed m the expenments aie ap-
piopiiate if one wishes to simulate conditions in a heavily loaded, 
high-speed cam oi othei sliding device with concentiated lu-
bi icated contacts 
The expei lmental lesults, if hastily mteipieted, seem to in-
dicate that the addition of polymei additives to help m maintain-
ing an adequate EI ID film is of questionable value I t is cleai, 
foi example, that oils containing polyalkylmethaciylate (PAMA) 
oi polybulene (PB) additions gave thinnei lubiicatmg films at 
high sheai l ates than nonadditive oils of equivalent low sheai l ate 
viscosity Iiowevei, when compaiing a nonadditive oil to the 
same base oil containing a polymei additive, it is cleai that the 
additive oil piovides a thickei him In othei woids, high sheai 
lates leduce the effective viscosities of the polymei blends but 
nevei down to the viscosity of the base oil 
The authois state in the lepoit that the viscosities of oils with a 
polymeiIC additive aie 1 educed at high sheai lates to " a level 
typical of the polymei type and not the concenti ation oi molecu-
lai weight " This statement is not suppoited by the data Foi 
example, data in Table 2 indicates that a paiaffinic oil containing 
4 peicent PB (mol wt = 25,000) suffeied a laigedeciease m high 
sheai late viscosity while the same base oil containing 18 peicent 
PB (mol wt = 2,091) showed no loss in viscosity This seems 
to indicate that, foi this oil/additive system at least, a laige 
addition oi l elatively low moleculai weight polymei is bettei than 
a smallei addition of high moleculai weight polymei Fmther, 
if one calculates viscosities at high sheai l ates fiom the "appaient 
E H D viscosity losses" (S-values) found in Table 2, using equa-
tion 17, one finds that, undei high sheai la te conditions, the 
effective viscosity of a paiaffinic oil containing 4 peicent PAMA 
(mol wt = 560,000) is 83 cp while the same oil with 8 peicent 
! NASA Lewis Research Centei, Cleveland, Ohio 
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